Sequences homologous to a potato cathepsin D inhibitor cDNA, p749, were identified in the genomic DNA of tomato (Lycopersicon esculentum) and of two non-tuber-bearing potato species (Solanum etuberosum and S. brevidens) by means of Southern blot analysis. The expression of these p749 genes in leaves was induced at the RNA level in response to wounding. High levels of p749 transcripts were detected in polyadenylated RNA extracted from locally wounded leaves 12 h after wounding. Systemic induction of the cathepsin D inhibitor gene also occurred in nonwounded leaves of wounded plants. Both potato and tomato leaves treated with the oligosaccharide chitosan showed an induced accumulation of p749 transcripts. Even though the cathepsin D inhibitor genes from tomato and from non-tuber-bearing potato species are wound inducible, they could not be induced in leaf explants cultured on medium containing very high concentrations of sucrose. Only leaf explants from the tuber-bearing potato (S. tuberosum) accumulated p749 transcripts when cultured on high sucrose medium. A sequence related to the 22-kD potato proteinase inhibitor cDNA, p34021, was identified in tomato by means of genomic Southern blot analysis. Northern blot hybridization showed that p34021 transcripts accumulated in potato (S. tuberosum) leaf explants, but not in tomato explants, when cultured on high sucrose medium. This study demonstrates that the expression of a potato cathepsin D inhibitor gene in tomato and in non-tuber-bearing potato species is wound inducible, but not sucrose inducible.
The production of proteinase inhibitors in plants is thought to be an active defense response to physical damage caused by insect attack (5) . Wounded tomato and potato plants accumulate two serine proteinase inhibitors, I and II (18) .
Expression of these two proteins is induced in wounded leaf tissue (local response) as well as in unwounded leaves distant from the original wound site (systemic response) (17, 23) . Accumulation of tomato proteinase inhibitor I and II mRNA has been detected 4 to 6 h after wounding, with maximum levels reached after 10 h (4). The expression of potato inhibitor II is also wound inducible at the RNA level (23) been shown to be controlled in leaves by a 5'-regulatory region (9) .
The discovery that proteinase inhibitor transcripts and proteins accumulate systemically in the leaves of a wounded plant has led to the investigation of possible signal pathways (22) . Many studies imply a role for cell wall polysaccharides (2, 29) , possibly mediated systemically through mobilization of ABA (16) . Walker-Simmons et al. (29) found that chitosan, an oligosaccharide found in fungal cell walls, is an active elicitor of plant defense responses. Tomato inhibitors I and II have been shown to accumulate to high levels in leaves treated with a purified plant cell wall fraction or with chitosan (29) . Synthesis of potato inhibitor II mRNA also has been reported to increase in response to chitosan (23) .
Besides responding to the external stimulus of mechanical injury, the expression of some proteinase inhibitor genes is under developmental control in plant organs such as fruits, tubers, and seeds (21) . The developing green fruit of a wild tomato species (Lycopersicon peruvianum) contains extremely high levels of proteinase inhibitors I and II, which together account for up to 50% of the total soluble protein in the unripe fruit (14) . Proteinase inhibitors I and II accumulate to high levels in potato tubers and represent up to 10% of the total soluble tuber protein, whereas no detectable expression occurs in other organs of an unwounded potato plant (5, 23) . A chimeric gene consisting of the 5'-and 3'-flanking regions of a potato proteinase inhibitor II gene fused to a reporter gene was constitutively expressed in stolons and tubers of transgenic potato plants, whereas expression in the leaves was dependent upon wounding (9) . Activation of the promoter of patatin, another tuber-abundant protein under developmental control, is induced in leaf tissue by high levels of sucrose (30) . Developing tubers are a carbohydrate sink, and sucrose transported to the stolon tip may act as a metabolic signal leading to tuber gene expression (19) . Expression of potato inhibitor II-CAT2 chimeric genes is similarly induced by sucrose in transgenic tobacco leaves (8) .
Proteinase inhibitor activity recently has been attributed to the 22-kD tuber protein family of potato (28) 164 have enlarged (28) . In potato, similar control of gene expression was seen for another distinct 22-kD tuber protein, whose representative cDNA, p749, shows 94% homology to an aspartic proteinase inhibitor isolated from potato tubers (26) , with inhibitory activity towards both cathepsin D and trypsin (10) . The cathepsin D inhibitor cDNA, p749, and the 22-kD tuber protein cDNA, p34021, are neither homologous to each other nor related to proteinase inhibitor I or II cDNA sequences (28) . The objectives of the present study are to identify in other solanaceous species genes homologous to the cathepsin D inhibitor cDNA or the 22-kD tuber protein cDNA, p34021, and to investigate the effects of high sucrose levels, wounding, and chitosan treatment on the expression of these genes in leaves.
MATERIALS AND METHODS Plant Material
Potato plants (Solanum tuberosum cv Superior) were grown under standard greenhouse conditions from tubers obtained from the Wisconsin Seed Potato Certification Center, Antigo, WI. Axenic cultures were started by soaking nodal cuttings in 10% clorox for 10 min and plating on medium modified from that suggested by Murashige and Skoog (13) (29) .
The pH of the solution was adjusted to 6 with 1 M NaOH. Leaves of greenhouse-grown plants were treated with chitosan according to the method of Walker-Simmons et al. (29) . A 50 mm sodium phosphate buffer with or without chitosan was supplied to the leaves through cut petioles for 1 h, after which all leaves were incubated in the 50 mm sodium phosphate buffer without chitosan for 24 h. Leaves were frozen in liquid nitrogen and stored at -800C until analysis.
Nucleic Acids Analysis Genomic DNA was extracted from fresh shoot and leaf tissue by the cetyltrimethylammonium bromide method of Rogers and Bendich (20) . For Southern blots, 10-ag samples of EcoRI-digested DNA were subjected to electrophoresis in 0.65% agarose gels in Tris-borate EDTA buffer (pH 8.0) and blotted onto nylon membranes (Micron Separations, Inc., Westboro, MA) according to the methods of Southern (24) . Total leaf RNA was isolated by the phenol/chloroform method described by Suh et al. (28) . Polyadenylated RNA was selected from total RNA by chromatography on oligo(dT) cellulose (Collaborative Research, Bedford, MA; Grade T-3) as outlined by Maniatis et al. (11) . For northern blots, RNA was subjected to electrophoresis in 1.4% agarose gels containing 5 mM methylmercuric hydroxide (12) in Tris-borate buffer (pH 8.0) and blotted onto nylon membranes. RNA was detected with ethidium bromide under UV light to ascertain consistent loading of gels and efficient transfer to nylon.
Blots were hybridized (12) to a gel-purified insert from the cDNA p34021 or from the cDNA p749, both 32P-labeled by the random primer method (3). RNA blots were hybridized in 50% (v/v) formamide, 5x SSC (150 mm sodium chloride, 15 mM sodium citrate), 0.07% PVP, 0.07% Ficoll, 0.07% BSA, 25 mm sodium phosphate (pH 6.8), 0.5% SDS, and 250 ,g/ mL sheared salmon sperm DNA. After hybridization for 16 h at 420C, blots were washed twice with lx SSC/0.1% SDS at room temperature for 15 min each wash. Filters were then washed twice in 0.1x SSC/0.1% SDS at 600C for 1 h each wash. The same conditions were used for genomic Southem blots, except that filters were hybridized in either 25 or 50% formamide. Hybridized probe was detected by exposure of the filters to X-OMAT AR film for 12 to 48 h.
The p34021 cDNA had been prepared from tuber-abundant mRNA and identified by Stiekema et al. (25) and shown to match the 22-kD potato proteinase inhibitor (27) . The p749 cDNA was recently sequenced in our laboratory and has 94% homology to the potato cathepsin D inhibitor cDNA (26) , representing a tuber protein with a molecular mass in the mature form of approximately 22 kD.
RESULTS

Identification of Related DNA Sequences
To determine whether tomato, S. etuberosum, S. brevidens, eggplant, pepper, or tobacco contain DNA sequences related to either the potato cathepsin D inhibitor or the 22-kD proteinase inhibitor gene families, Southern blots were prepared and probed with p749 or p34021 cDNA. Figure 1A shows that the two non-tuber-bearing potato species (Fig.  1A, lanes 2 and 3) have DNA sequences that hybridize to the p749 probe, whereas in the tomato DNA, a faint band is evident when hybridization conditions are less stringent (see arrow, Fig. 1A, lane 1) . When probed with p34021 (Fig. 1B) , tomato was the only species showing a homologous sequence (see arrow , Fig. 1B, lane 1) under any condition. Both cDNA probes hybridized to a number of bands in potato cv Superior DNA (Fig. 1, A has been shown to be activated in leaves by high sucrose concentration. To determine whether the p749-related sequences identified in the tomato and the wild potato species, as well as the p34021-related sequence identified in tomato, are also responsive to sucrose, leaves were incubated on media containing either low (2-3%) or high (10%) concentrations of sucrose. Potato (S. tuberosum cv Superior) leaves were similarly treated as a positive control. Figure 2A shows a much higher level of p749 transcripts in cv Superior leaves treated with 10% sucrose (Fig. 2A, lanes 3 and 4) as compared with RNA isolated from the 3% sucrose-treated leaves ( Fig. 2A, lanes 1 and 2) . Neither 3 nor 10% sucrose-treated tomato leaves, however, yielded detectable p749 expression at the RNA level ( Fig. 2A, lanes 5 through 8) . Figure 2B shows similar results for p34021: Superior p34021 transcript levels increase with sucrose concentration (Fig. 2B, lanes 1  through 4) , whereas no transcripts are detectable in tomato leaves, regardless of sucrose concentration (Fig. 2B, lanes 5  through 8) . Similar results were obtained (Fig. 3) for the non-tuberbearing potato species. Leaves were incubated in darkness on 2% (Fig. 3, lanes 1-3) or 10% (Fig. 3, lanes 4-6) sucrose medium. As evident from the accumulation of transcripts in S. etuberosum (Fig. 3, lanes 1 and 4) and S. brevidens (Fig. 3 , lanes 2 and 5) leaf explants, sucrose did not induce the expression of either the p749 or the p34021 family of genes. As expected, in response to increased sucrose concentrations there was a substantial increase in transcript accumulation in Superior leaves for both p749 and p34021 (Fig. 3, lane 6 ).
To investigate whether light plays a role in the induction of expression by sucrose, leaf explants were incubated for 11 d in darkness ( Fig. 2; lanes 1, 3, 5 (28) showed that the expression of the p749 gene family is wound inducible in potato leaves. To determine if the p749-related sequences in tomato, S. etuberosum, and S. brevidens respond similarly, the effect of mechanical wounding on RNA accumulation in leaves was studied. Northern blot analyses of polyadenylated RNA isolated from both wounded (local) and nonwounded (systemic) tomato and potato leaves collected 12 h after treatment are shown in Figure 4 (lanes 5-8) . Control leaves were harvested from nonwounded plants at the time of wounding (Fig. 4, lanes 1  and 2) and after 12 h (Fig. 4, lanes 3 and 4) . Substantial accumulation of p749 transcripts occurred in the leaves of wounded plants of both tomato (Fig. 4, lanes 6 and 8) and potato (Fig. 4, lanes 5 and 7) . This wound-inducible response was detected locally (Fig. 4, lanes 5 and 6) and systemically (Fig. 4, lanes 7 and 8) . Although p34021 transcripts accu- 1-4) and wounded leaves (lanes 5-8) Substantial accumulation of p749 transcripts in response to wounding also occurred in the non-tuber-bearing species S. brevidens and S. etuberosum (Fig. 5, lanes 3 and 4) . As with tomato and S. tuberosum, response in leaves was local and systemic. The accumulation of transcripts in the control leaves (Fig. 5, lanes 1 and 2) A cubation of leaves with one of several oligosaccharides, including chitosan (17, 23) . To determine if the p749 genes in potato, tomato, or S. brevidens also respond to this treatment, leaves of the three species were incubated in a 0.2% chitosan solution, and p749 RNA accumulations were compared with those of control leaves incubated in buffer without chitosan. Figure 6 shows that in all three species, the chitosan treatment led to an increase in the level of p749-hybridizing transcripts.
DISCUSSION
Tomato and two non-tuber-bearing potato species, S. etuberosum and S. brevidens, contain genomic sequences that hybridize to the potato cathepsin D inhibitor cDNA, p749. Tomato DNA shows a lower degree of hybridization to p749, indicating less sequence homology than in the wild potato species. Tomato also was shown to contain DNA homologous to the 22-kD potato proteinase inhibitor genes, represented here by the cDNA p34021. The finding that tomato has sequences related to the two potato genes is not surprising. These two solanaceous species share sequence homologies in other gene families, including proteinase inhibitor I and II genes (23) and patatin (1) . No sequences in the DNA extracted from the other solanaceous species analyzed (eggplant, pepper, and tobacco) hybridized to either p749 or p34021.
Experiments showed that the p749 genes are wound inducible at the RNA level in the leaves of tomato, S. tuberosum, S. brevidens, and S. etuberosum. The expression of the cathepsin D inhibitor genes in response to mechanical injury suggests that they may play an active role in the foliar defense mechanism of these plants. Similar patterns of wound-induced expression have been described for proteinase inhibitor I and II genes (4, 23) , as well as for the 22-kD potato proteinase inhibitor gene family (28) (28) are developmentally regulated in potato tubers. To investigate the expression of these genes in developing tubers, we used elevated sucrose concentrations to mimic physiological conditions. Sucrose is the major transport sugar in potato plants, and tuberization has been linked to the availability of photosynthates from leaves (6) . Starch stored in tubers is dependent upon sucrose from the leaves as its biosynthetic precursor. We found that both the cathepsin D inhibitor and the 22-kD proteinase inhibitor genes undergo sucrose induction in leaves of tuber-bearing potato (S. tuberosum), but that this induction does not occur in leaves of non-tuber-bearing potato species (S. etuberosum and S. brevidens) or tomato. This exception to sucrose induction has been described (7) for p749-related sequences and for another developmentally regulated tuber gene, patatin, in non-tuberbearing potato species. The observation that tuber-expressed genes do not respond to this metabolic signal in non-tuberbearing species can be explained in several ways, assuming the genes are functional. The genes themselves may differ in their cis-acting control regions: A sucrose-responsive element may be absent or mutated and silent in the non-tuber-bearing genes. Such sucrose-inducible regions have been identified in the 5'-flanking region of a potato proteinase inhibitor II gene (8) and in a patatin gene promoter (30) , and it is likely that such a structural control mechanism exists in the regulatory regions of p749 and p34021 genes. Another possibility is that non-tuber-bearing species may lack trans-acting factors regulating the sucrose response in potato leaves. A woundresponse polypeptide factor controlling the expression of proteinase inhibitor II has been identified (15) , but as yet, no sucrose-response factors have been identified. The differences in gene expression observed at the RNA level may also be explained by differences in mRNA stability or by physiological factors interfering with the rate of sucrose uptake.
The potato proteinase inhibitor cDNA clone is not induced at the RNA level by sucrose in either tomato or two nontuber-bearing potato species. Unlike the p749 genes of tomato and of the non-tuber-bearing potato species, the p749 proteinase inhibitor genes of tuber-bearing potato possess sucrose responsiveness in addition to wound inducibility. If sucrose is involved in regulating tuber development, then the lack of sucrose responsiveness for tuber genes in species unable to form tubers is not surprising. By comparing the proteinase inhibitor genes from tuber-and non-tuber-bearing genomes, we may learn more about the factors involved in controlling their expression. For example, this system may facilitate the characterization of wound-inducible factors, which seem to be present in both species types. ACKNOWLEDGMENTS Thanks to Dr. Willem Stiekema for providing p34021 and to Dr. Lee Hadwiger for providing the chitosan. Plant Physiol. Vol. 100, 1992 
